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Abstract 
In recent years the small wind industry has shown exponential growth; however there 
have been growing concerns over the safety and reliability of small wind turbines on the 
market. The International Electrotechnical Committee and the International Energy 
Agency are working to rectify these issues by introducing stricter requirements on small 
wind turbines; firstly through amendments to international standards and secondly with 
the introduction of a Standard Labelling Program to increase consumer awareness. In 
Australia, since commencing operation in 2008, the National Small Wind Turbine 
Centre has been working to improve the safety and performance of small wind turbines 
by providing independent testing services to manufacturers.  
Pure Engineering Pty Ltd in conjunction with Tromes Design has engaged the National 
Small Wind Turbine Centre to test their 1.5kW FolksWind vertical axis wind turbine in 
accordance with the international small wind turbine standards contained within the 
international series of standards IEC61400. The prototype turbine is currently in the 
development phase. Over the course of this project the intern has assisted the centre with 
the testing of the FolksWind turbine. The majority of work undertaken has involved 
monitoring the power performance of the turbine to allow the manufacturers to make 
changes in an attempt to reach an optimal system configuration. Based on the data 
collected, changes have been made to the turbine power curve programmed into the 
system’s inverter in order to achieve an optimal tip speed ratio for the system. At the 
conclusion of the project, improvement has been made although a definite configuration 
for the system has not yet been determined. 
In addition to power performance testing, measurement of significant vibrations present 
in the system has been undertaken. Vibrations consistent with the turbine’s rotational 
speed and the frequency of blade passing have been observed. Based on this data it has 
been found that, as well as posing a safety threat, the vibrations are detrimental to the 
system’s performance. The manufacturer aims to significantly reduce the magnitude of 
these vibrations through modifications to the system’s structural components.   ii 
 
 
The manufacturer has also requested that the National Small Wind Turbine Centre 
measure the strain in the uppermost guy wires to allow the thrust on the rotor to be 
calculated and an overall thrust curve for the system to be determined. This will allow 
the manufacturer to determine the required strength of a free standing tower for future 
production. As the final configuration of the system has not been determined this 
analysis is not yet complete however some preliminary data has been produced and the 
National Small Wind Turbine Centre will continue the process of determining the thrust 
curve for the final system configuration.  
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1  Introduction 
1.1  Background information 
Despite the challenging global economy in recent years the small wind industry has 
showed sustained growth internationally, particularly in the United States (US) and the 
United Kingdom (UK). The number of small wind manufacturers has risen from 69 in 
2006 to 219 in 2009 [1]. This rapid expansion in the industry and the introduction of 
numerous new small wind turbine (SWT) designs has led to concerns over the safety 
and reliability of SWTs on the market. Most small wind manufacturers have limited 
resources with 99% of manufacturers employing less than 100 people. Currently the cost 
to test a turbine to the relevant international standards is around AU$250,000 and thus 
only a handful of turbines have been certified in accordance with these standards.  
From the IEC61400 series, the standard relevant to the design of SWTs is IEC61400 2, 
“Design requirements of small wind turbines” [2]. SWTs are defined in IEC61400 2 as 
turbines with a swept area less than 200 m
2; turbines of this size generally have a 
maximum output capacity of around 100 kW. In the UK most of the recent growth in the 
industry is attributed to turbines for commercial application with a capacity over 10kW 
[3]. However there is also a growing demand for building mounted turbines and turbines 
for use in urban areas [4]. This increasing demand for urban installations has triggered 
the development of new vertical axis wind turbines (VAWTs) designed for this purpose.  
The urban environment provides challenges when designing wind turbine systems; 
resources such as wind atlases that can be used to predict wind speeds for a given 
location in open areas are rendered practically useless due to the uneven terrain. The 
urban landscape has a high surface roughness which slows the wind and creates 
turbulent flow near the surface e.g. on top of roofs of buildings. VAWTs are better 2 
 
 
equipped to handle this flow than horizontal axis wind turbines (HAWTs) due to their 
ability to tolerate turbulence and accept wind from any direction. In addition to this, 
VAWTs designed for the urban environment are quieter, less visually intrusive and less 
prone to vibrations and damage than HAWTs of a similar size [5].  
1.2  IEC/IEA Small Wind Turbines Liaison Program 
The IEC/IEA Small Wind Turbines Liaison Program was established in 2008 as it was 
recognised by both groups that despite the expansion of the small wind industry, small 
wind turbine producers, unlike large wind turbine manufactures, were not subject to 
stringent testing procedures. The program consists of two working groups, the 
International Electrotechnical Commission Technical Committee 88, Maintenance Team 
2 (IEC TC88 MT2) and the International Energy Agency (IEA) Wind Task 27.  
The IEC TC88 MT2 is working to update IEC61400 2. Originally the standard primarily 
focussed on the structural design requirements of small wind turbines. Revisions to the 
standard will expand the requirements of SWTs to include sections on power and 
acoustic performance, SWT performance in harsh conditions such as cold or cyclonic 
environments and urban SWTs including building mounted installations [6]. The third 
edition of IEC61400 2 will make reference to other standards within the IEC61400 
series of wind standards, some of which have been recently updated. IEC61400 12 1 on 
power performance measurements, for instance, has been recently released as a draft and 
will be voted upon in November 2011 [7].  
Less mature topics related to SWTs are passed to the IEA Wind Task 27. At present one 
of the key activities of IEA Task 27 concerns “Consumer Labelling of Small Wind 
Turbines”, which aims to encourage interactions between small wind turbine 
manufacturers and third party testers, and to provide a recommended method for testing 
small wind turbines. A primary objective of the program is to create an internationally 
standardised product label to be placed on products that have undergone testing to 
assure minimum performance standards. As a result of testing and standardised labels it 
is hoped firstly, that the safety and reliability of SWTs being manufactured will rise, and 3 
 
 
secondly it is anticipated that by labelling turbines consumers will be able to make 
informed decisions and easily compare products on the market [8].  
1.2.1  The National Small Wind Turbine Centre 
The National Small Wind Turbine Centre (NSWTC) was established at Murdoch 
University in 2008. The centre works to encourage positive growth in the small wind 
market and industry in Australia. The main function of the NSWTC is to act as an 
independent test facility for SWTs. On top of this, the centre conducts research and 
provides development and training facilities [6]. The NSWTC was appointed by the 
Clean Energy Council to represent Australia in the IEC/IEA Small Wind Turbines 
Liaison Program.  
1.3  Project overview 
Pure Engineering Pty Ltd in conjunction with Tromes Design, who from this point on 
will be referred to as the manufacturer, have designed a small, 1.5kW, helical blade 
VAWT. Currently the product name is FolksWind but this is subject to change [9]. The 
manufacturer has engaged the NSWTC to conduct testing on the prototype turbine. 
During the testing period the turbine has been mounted on a guyed tower on top of a sea 
container. Once the turbine is ready for production the manufacturer intends to use a 
free standing tiltable tower.  
In the long term it is envisaged that the FolksWind turbine will be certified according to 
IEC61400 2 however before testing in accordance with the standard can commence the 
final system configuration must be determined. Therefore power performance testing of 
the turbine is required to attempt to optimise the system configuration for peak 
performance. In addition to this the manufacturer has requested information on the 
levels of vibration and strain in the entire wind system, including the tower. The 
NSWTC envisions that testing of the system in accordance with the standards will be 
done at the Centre’s existing test site however the NSWTC is awaiting planning 
approval before the turbine can be relocated from its current preliminary test site in 
Baldivis. For the approximate location of the turbine see Figure 20. 4 
 
 
 
1.4  Aim 
The aim of the internship was to work together with the NSWTC in conducting 
preliminary testing of the FolksWind 1.5kW VAWT. As the FolksWind system is still in 
development, preliminary power performance testing has been undertaken to ensure 
correct operation of the system and to allow the manufacturer the opportunity to make 
modifications to the system configuration. In addition to power performance 
measurements of the turbine, vibration and strain have been measured to ensure the 
turbine is operating safely. The long term aim of the project for the NSWTC is to 
facilitate the testing of the turbine in accordance with the IEC61400 2: Design 
requirements for small wind turbines” and IEC61400 12 1: Power performance 
measurements of electricity producing wind turbines. Once testing to IEC61400 2 
commences, in order to satisfy the requirements of duration testing, a minimum of 6 
months of data, where no changes are made to the system configuration, is required [2].  
1.5  Scope   
Over the course of the project work has been completed in collaboration with the 
NSWTC, it was therefore necessary to specifically define the scope of work completed, 
separate from tasks that have been undertaken by others within the NSWTC. One major 
component of the internship was gathering information regarding VAWTs and methods 
for measuring strain and vibrations in small wind turbines. Secondly the intern was 
mostly responsible for tasks involving the logging and processing of power performance 
data and liaising with the manufacturer regarding the data collected and modifications to 
the system to improve performance. Additionally the processing of vibration and strain 
data fell inside the scope of the internship. The NSWTC has been responsible for the 
installation of all monitoring equipment and the acquisition of vibration and strain data. 5 
 
 
 
2  Literature review 
2.1  The small wind industry 
2.1.1  Market growth 
 In 2009, 21,000 new small wind turbines were installed worldwide, representing 
42.5MW and US$189 million in sales [4]. This represents around 0.11% of the total 
wind power installed globally in 2009 [10]. Figure 1 and Figure 2 show the growth of 
the US and UK small wind energy markets. Figure 1 shows the number of units 
installed, capacity installed and the values of sales each year from 2001 to 2009 in the 
US.  
 
Figure 1: US Small Wind Industry Expansion 2001-09 [4] 
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Figure 2 shows the growth in the UK small wind industry by turbine size category. The 
graph shows the capacity installed each year from 2005 to 2010 with estimated values 
for 2011. The increased demand for larger scale small wind turbines in recent years is 
evident. 
 
Figure 2: UK Small Wind Industry Expansion 2005-11 [3] 
In the US demand for urban and rooftop wind turbines is rising. There are a number of 
reasons for this increasing demand including: 
•  Lower system costs with technology advances 
•  Rising electricity costs 
•  High visibility for commercial consumers, green image  
Figure 3 shows the number of units sold, the capacity sold each year, and the market 
share, given by the kW capacity of urban wind turbines as a percent of the total capacity 
of small wind turbines installed each year in the US. It can be seen that the market share 
of urban and roof mounted systems is consistently growing [4]. In the UK the market for 
roof mounted systems is not growing as quickly as the rest of the small wind market 
with the market share for building mounted systems having fallen from 17.4% in 2009 
to 12.8% in 2011 however the number of systems installed is still increasing, from 2432 
in 2009 to 2770 in 2011 demonstrating a trend toward larger system installations [3]. 
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Figure 3: Growth in Demand for Urban Wind Turbines (US) [4] [1] [11] 
2.1.2  Incentives 
In Western Australia there are a range of incentives currently available to those who 
install a small wind system. As part of the Federal Government’s Renewable Energy 
Target (RET), Renewable Energy Certificates (RECs) were created which are awarded 
to the owner of the system based, in the case of SWT systems, on the rated output and 
the availability of the wind at the location the turbine is installed [12]. On the 1
st of 
January 2011 the RET was split into the Large Scale RET and the Small scale 
Renewable Energy Scheme, therefore RECs for SWTs are now Small scale Technology 
Certificates. In conjunction with the Small scale Renewable Energy Scheme the Solar 
Credits scheme, which will operate until the end of June 2013, applies a multiplication 
factor to the number of Small scale Technology Certificates a system is eligible for. For 
example, systems installed between July 1
st 2011 and June 30
th 2012 are eligible for 3 
times the normal amount of certificates, for the final year of the scheme this reduces to 2 
times [13]. 
The Government of Western Australia’s Office of Energy has suspended their feed in 
tariff scheme of 40 c/kWh since the scheme’s capacity of 150 MW was reached. West 
Australian consumers can still receive payment from the State’s energy retailers 
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Synergy and Horizon Power [14]. Within the South West Interconnected System under 
Synergy’s Renewable Energy Buyback Scheme, energy exported to the grid by 
residential customers is bought by the retailer at 7 c/kWh [15].  In Australia incentive 
schemes for small scale renewable energy have been designed around solar photovoltaic 
(PV) systems and therefore do not encourage the uptake of small wind in comparison to 
solar PV systems, additionally they are best suited to small wind systems under 30 kW 
and therefore do not provide an incentive to install larger small wind systems [16].  
From the 1
st of April 2010 a gross feed in tariff became effective in the UK where 
households and communities with renewable energy or low carbon producing power 
systems up to 5MW benefit from all electricity produced by their system. During 
2011/12 for SWTs less than 1.5 kW the feed in tariff is 36.2 p/kWh, between 1.5 and 15 
kW is 28 p/kWh and between 15 and 100kW is 25 p/kWh. For all systems any energy 
exported to the grid attracts an extra 3.1 p/kWh. The tariff for energy consumed by the 
owner of the system will reduce over time but the export rate will remain constant [17]. 
In the US as part of the American Recovery and Reinvestment Act the tax credit 
program applicable to small wind turbines was expanded. Consumers can now claim 
30% of the total cost of their SWT system as a direct tax credit.   
2.2  Testing of small wind turbines 
2.2.1  IEC61400 
The IEC61400 series of standards covers the various requirements for wind turbine 
generator systems. In addition to IEC61400 2 and IEC61400 12 1, another important 
standard relevant to SWTs is IEC61400 11: Acoustic noise measurement techniques. 
In IEC61400 2 SWT classes are defined so that turbines can be designed to suit a range 
of external conditions based on their external environment. For severe cases such as 
offshore wind turbines or turbines likely to be exposed to tropical storms, an additional 
class ‘S’ is defined. Based on the class chosen the standard outlines calculations for the 
wind condition that would be expected on site. The design requirements then cover the 
structural design methods for SWTs, aeroelastic modelling, load measurements, stress 9 
 
 
calculation and protection and shutdown systems. Testing is also addressed and it is 
required that the design data, the mechanical components of the turbine and the 
durability of the turbine is tested. The most relevant of these to the NSWTC is duration 
testing as it gives minimum requirements on the time that a turbine must demonstrate 
reliable operation. Therefore, even if it was possible to collect enough data to satisfy the 
requirements of IEC61400 11 and IEC61400 12 1 within 6 months, testing would still 
have to continue to satisfy the requirements of the duration test. 
IEC61400 11 outlines methods for measuring, analysing and reporting acoustic noise 
produced by a wind turbine generator system. IEC61400 12 1 outlines the method for 
testing the power performance of all wind turbines and contains information and an 
annex specific to the testing of small wind turbines. The standards also outline data 
handling and reporting methods. 
2.2.2  Testing and Certification of SWTs in the UK 
In the UK, the Microgeneration Certification Scheme (MCS) aims to assure quality in 
all areas of microgeneration including solar PV, solar thermal, heat pumps, biomass, 
micro hydro, and most relevantly micro and small wind systems. Under the scheme both 
installers and products can become certified. To encourage the uptake of testing and 
certification in the industry only systems that are certified according to the MCS and 
installed by certified installers are eligible for the UK’s feed in tariffs, which are 
payable to individuals, business and communities who produce electricity via small 
scale generators. Testing of SWTs for this scheme is completed in accordance with the 
British Wind Energy Association (BWEA) Small Wind Turbine Performance and Safety 
Standard. The scheme covers turbines with an output up to 50kW at a wind speed of 
11m/s.  
The MCS website [18] provides information for consumers including assistance in 
choosing a microgeneration system, finding certified products and installers and 
obtaining financial incentives. For manufacturers and installers, the site provides a list of 
certification bodies equipped to approve products and installers in each category 
covered by the scheme. The companies able to test SWTs in the UK are BRE Global 10 
 
 
Ltd, British Board of Agrément, BSI, Germanischer Lloyd, Intertek, Ascertiva Group 
and TUV NEL. To date four turbines have been fully certified under the scheme, these 
are the Evance Iskra R9000, the Proven Energy P35, Skystream 3.7 and the Skystream 
Marine 3.7 [19]. 
Outside of the MCS, from 2006 2008 the Warwick Wind Trials were conducted in the 
UK to provide objective data on the performance of small wind systems being used by 
families and homeowners. The project, which was funded by the Pilkington Energy 
Efficiency Trust, sought to establish how difficult the process of installing a small wind 
system was for households, and the impact SWT systems have on members of the 
household involved and the wider community in terms of attitudes toward energy 
efficiency and climate change [20]. 
The project was coordinated by Encraft in partnership with Action21, Warwick District 
Council and Warwickshire County Council. SWTs were installed in 23 rooftop 
locations, both urban and rural around the UK. The findings of the trial were 
unfavourable with an average capacity factor for the turbines, after excluding time 
where they were switched off or broken, of 4.15%. At three of the sites, on top of high 
rise buildings, the turbines were able to produce as much power during one month as 
was produced by others over the whole year, however they had to be switched off due to 
complaints for residents regarding noise. Encraft warned that ‘aggressive and over 
optimistic marketing’ from manufacturers could set the SWT industry back as turbines 
that are seen to not function correctly could discourage possible future buyers [21].   
2.2.3  Testing and Certification of SWTs in the US 
The National Renewable Energy Laboratory (NREL) and US Department of Energy 
(USDOE) created the Independent Testing Project in an attempt to increase the number 
of independently tested and certified small wind systems on the market. To date two 
rounds of tests have been undertaken with 8 turbines being tested in accordance with 
both IEC61400 and AWEA standards. It is envisioned that the data collected will be 
forwarded either to the Small Wind Certification Council (SWCC), a US independent 
certification facility, or to international certification bodies [22]. Turbines that meet or 11 
 
 
exceed the AWEA Small Wind Turbine Performance and Safety Standard can be 
certified by the SWCC. The SWCC provides a list of turbines that have achieved 
certification, to date 3 turbines the Evance R9000, Evoco 10kW and the Skystream 3.7 
have achieved ‘Conditional Temporary Certification’ [23].  
In 2008 a small wind trial was undertaken in Massachusetts. The trial was funded by the 
Massachusetts Renewable Energy Trust to examine the performance and cost 
effectiveness of 36 SWT projects installed in the state, of these only 21 were able to be 
included in final results due to data quality issues. These turbines, which were all under 
10 kW, were installed throughout the state so the wind resource was varied in each 
instance [24]. As with the Warwick Wind Trials in the UK the performance of the 
turbines did not reach expectations with the turbines involved producing only 29% of 
what was predicted by manufacturers. 
The poor results of small wind trials in the US and the UK are partly due to poor siting 
of turbines. Nonetheless the large discrepancy between manufacturer’s predictions and 
the actual performance observed. As a result consumer confidence in SWT products was 
not helped by these trials; however formal testing and certification programs in the US 
and the UK are underway to ensure future confidence in the SWT industry.  
2.3  Wind resource 
2.3.1  Wind formation 
At any time 1.74   10   kW of power is incident on the Earth’s atmosphere. Every year 
this is equivalent to 1.52   10   kWh of energy. While only one to two percent of the 
energy that reaches the Earth from the sun goes into forming the wind this is equivalent 
to approximately double the total energy in the world’s fossil fuel reserves. Due to the 
Earth’s rotation about the Sun and on its own axis the majority of solar radiation reaches 
the Earth around the equator where the angle of incidence is highest. The solar radiation 
then heats the air at the equator causing it to become less dense and rise leaving a low 
pressure area. This creates a pressure difference and denser air from the poles moves to 12 
 
 
correct the differential, this flow of air is the geostrophic or global wind. These winds 
occur at higher altitudes and are therefore not affected by the surface of the Earth [25]. 
 
 
  
 
Figure 4: Coriolis force [26]  Figure 5: Effect of Coriolis Force on Winds [27] 
The rotation of the Earth does, however, cause the Earth’s surface to interfere with wind 
direction due to the Coriolis Effect, the effect caused by Coriolis force acting on air 
flowing from high pressure to low pressure regions, as shown in Figure 4. As a result of 
Coriolis forces, air is diverted along isobars which are lines of common atmospheric 
pressure. In the northern hemisphere this forces wind to flow in a clockwise direction 
and conversely anticlockwise in the southern hemisphere as shown in Figure 5. 
At altitudes less than 100m local effects have a large impact on wind speed and 
direction despite the global wind patterns. Examples of local wind patterns include sea 
breezes and mountain/valley breezes. Sea breezes occur as land heats and cools at a 
greater rate than water. During the day the air above the land is heated and rises due to 
its reduced density, the air above the sea then flows to fill the low pressure region above 
the land. The process is reversed at night as the air cools. Mountain/valley breezes are 
similar in that during the day the air on the surface warms and rises up the mountain and 
cooler air flows through the valley again with the opposite occurring at night [26]. 13 
 
 
2.3.2  Wind shear 
The nature of the Earth’s surface at any point has a strong impact on the flow of air 
above it. Smooth surfaces allow air to flow freely whereas rough surfaces or those with 
many obstacles slow the air due to friction. As air is a fluid, the flow close to the surface 
is affected to a greater extent than air at higher altitudes [25].  The roughness length (Z0) 
is a measure of the coarseness of the surface and is defined as the distance above the 
surface at which the wind speed is theoretically zero. From this length it is possible to 
determine the roughness class of a given landscape using the following formula: 
 
     1.699823015  
    
  150
          0.03  (1.1) 
 
     3.912489289  
    
  3.33
          0.03  (1.2) 
A summary of roughness lengths and classes is given in table 1 below: 
Table 1: Determination of Roughness Class [28] 
Roughness 
Class, RC 
Roughness 
Length, Z0 
(m) 
Landscape 
0  0.0002  Water Surface 
0.5  0.0024  Completely open terrain with smooth surface such as 
airport runway or mowed grass 
1  0.03  Open agricultural area without fences and hedgerows, 
very scattered buildings, only soft rounded hills 
1.5  0.055  Agricultural land with some houses and 8 meter tall 
sheltering hedgerows within a distance of about 
1250m. 
2  0.1  Agricultural land with some houses and 8 meter tall 
sheltering hedgerows within a distance of about 500m. 
2.5  0.2  Agricultural land with many houses, shrubs and plants, 
or 8 meter tall sheltering hedgerows within a distance 
of about 250m 
3  0.4  Villages, small towns, agricultural land with many or 
tall sheltering hedgerows, forests and very rough 
uneven terrain 
3.5  0.8  Larger cities with tall buildings 
4  1.6  Very large cities with tall buildings and sky scrapers 
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Based on roughness length for a given location and a reference wind speed at a given 
height the wind shear profile can be determined using the following formula for wind 
velocity:  
 
           
ln 
  
ln    
  
  (1.3) 
where Vref and zref are the reference velocity and height respectively and z is the input 
height [28].  
2.3.3  Turbulence 
The definition of turbulence is ‘the violent or unsteady movement of air’ [29]. 
Turbulence can be expressed by relating the standard deviation of the wind speed σ to 
the average wind speed V; this ratio is the turbulence intensity (TI) where: 
      
 
 
  (1.4) 
As the wind passes an obstacle and the flow is disturbed a region of highly disturbed 
flow is created. The amount of turbulence caused by an obstacle is dependent on the 
size, shape and solidity of the obstacle. For large solid objects the turbulent zone can 
span 3 times the height of the object upwind of its location and 10 to 20 times 
downwind, reaching a vertical height 2 to 3 times the obstacle’s height [26]. This is 
illustrated in Figure 6. 
 
Figure 6: Turbulence due to obstacles [26] 15 
 
 
2.3.4  Urban wind 
As shown in Section 2.1.1 the number of SWTs installed in the urban environment is 
increasing. There are, however, added complications for urban wind installations. Due 
to the built up nature of the urban environment the wind resource is highly variable. As 
there is no consistency in the profile of the urban landscape tools such as wind atlases, 
which provide information on the wind resource for open locations and methods for 
predicting the wind resource based on collected data from a nearby location, are not 
practicable. Due to the presence of large and numerous obstacles the turbulent flow 
created means that two potential sites for a SWT located on the same building may have 
significantly different wind profiles [5]. In general for urban SWT installations it is 
necessary to monitor the wind resource at potential locations to choose the most viable 
site as current methods for predicting the resource are not adequate [21].  
In addition to this the wind resource is typically poor due to the high surface roughness. 
Figure 7 shows the effect of the surface roughness on the wind shear profile using 
roughness lengths of 0.0002 and 0.8 m. The reference point is taken from data for Perth 
where the wind speed is 7.14 m/s at a height of 50 m [30]. It can be seen that the wind in 
a larger city is significantly slowed at lower elevations above ground. 
 
Figure 7: Wind Shear Comparison: Urban Areas and Open Areas 
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2.4  Wind Turbine Fundamentals
2.4.1  Swept area 
Swept area is the region where a turbine
VAWT, the swept area is defined as the projected area of the moving rotor on the 
vertical plane [31]. In the case of the FolksWind tur
the rotor is a cylinder. The area projected onto the vertical plane is therefore a rectangle 
and the swept area is given by the product of the turbine diameter and height. This is 
illustrated in Figure 8. For a HAWT, the swept area is the circular area on the vertical 
plane traversed by the blades as shown in 
Figure 8: Swept Area of VAWT
2.4.2  Power in the wind
Kinetic energy, Ek (J), or the 
is given by:  
 
   
Where, m (kg) is the mass of the body and
swept area is given by A (m
(m/s), the mass flow rate of the wind is given by
 
A 
D 
Wind Turbine Fundamentals 
region where a turbine is able to extract power from the wind.
VAWT, the swept area is defined as the projected area of the moving rotor on the 
. In the case of the FolksWind turbine the volume of space swept by 
the rotor is a cylinder. The area projected onto the vertical plane is therefore a rectangle 
and the swept area is given by the product of the turbine diameter and height. This is 
. For a HAWT, the swept area is the circular area on the vertical 
plane traversed by the blades as shown in Figure 9. 
 
: Swept Area of VAWT  Figure 9: Swept Area of a HAWT
Power in the wind 
, or the energy ‘a body possesses by virtue of being in motion’
   
is the mass of the body and v (m/s) is the velocity of the body.  
A (m
2), the density of air is ρ (kg/m
2) and the wind velocity is
the mass flow rate of the wind is given by:  
 
H 
16 
to extract power from the wind. For a 
VAWT, the swept area is defined as the projected area of the moving rotor on the 
bine the volume of space swept by 
the rotor is a cylinder. The area projected onto the vertical plane is therefore a rectangle 
and the swept area is given by the product of the turbine diameter and height. This is 
. For a HAWT, the swept area is the circular area on the vertical 
 
: Swept Area of a HAWT [32] 
energy ‘a body possesses by virtue of being in motion’ [29] 
(3.1) 
is the velocity of the body.  If the 
and the wind velocity is V 
(3.2) 17 
 
 
Therefore the power available,     , in the wind is: 
 
 
   
1
2
      (3.3) 
2.4.3  Coefficient of performance 
The coefficient of performance is a measure of efficiency of a wind turbine. It is given 
by the ratio of the net power produced by the wind turbine to the power available in the 
wind through the turbine’s swept area: 
 
    
 
0.5      (3.4) 
2.4.4  Tip speed ratio 
The Tip Speed Ratio (TSR) is the ratio of the rotational speed of the blade tip and the 
wind speed: 
 
     
 
 
 
  
 
  (3.5) 
where,    /   is the velocity of the rotor tip,      is the rotor radius and      /   is 
the angular velocity [33]. The TSR is important for achieving maximum efficiency from 
a wind turbine. If a turbine is spinning too slowly the power that can be extracted from 
the wind is severely limited as much of the air that passes through the swept area is not 
incident with the blades. However if a turbine spins too fast the turbine appears almost 
solid to the wind and flow is obstructed restricting the amount of power that can be 
extracted. The ideal tip speed ratio depends on the type of turbine and is affected by 
factors such as the number of blades. Appendix A shows a plot of the ideal TSR for a 
range of turbine configurations. 
2.4.5  Thrust 
As the wind flows past a turbine the stream or air is disrupted and as the rotor captures 
energy in the wind, the wind speed leaving the rotor is slower than when it enters. In 
order for linear momentum to be conserved a force must act on the wind to cause it to 18 
 
 
slow. This force is the overall drag for the rotor and is equal and opposite to the thrust 
[25]. Where thrust (T) is given by: 
 
   
1
2
        (3.6) 
   is the thrust coefficient and the equation for drag      is: 
 
    
1
2
        (3.7) 
Where    is the drag coefficient. IEC61400 2 states that the maximum thrust        on 
a SWT is given by: 
           3.125      
     (3.8) 
Where    is taken as 0.5 for small wind turbines [2]. The constant of 3.125 in the 
equation is a safety factor which assumes severe drag characteristics for the turbine [34].  
 
2.5  Vertical axis wind turbines 
Although VAWTs are less common, due to their lower efficiency, they do have some 
distinct advantages over HAWTs particularly in the urban environment including: 
•  Can accept wind from all directions  
•  Better handling of turbulence 
•  Fewer vibrations 
•  Quieter due to their lower TSR [35]  
Much effort has gone into increasing the efficiency of these turbines and overcoming 
issues with self starting though the design of many different types of VAWTs. 
Historically turbines could be divided into two types: Darrieus and the Savonius 
designs.   19 
 
 
2.5.1  Darrieus VAWTs 
Darrieus VAWTs were patented by Georges Darrieus in 1927. They are lift type 
turbines; this means the blades are ‘pulled’ by the wind. As the turbine rotates a pressure 
differential is created across the blade which creates a net force towards the low pressure 
region: lift. The amount of lift generated is heavily dependent on the angle of attack as 
shown in Figure 10 (a) and (b).  
 
Figure 10: Aerofoil Creating Lift [36] 
For Darrieus turbines the angle of attack varies between  20 and 20 degrees throughout 
one rotation. If 20 degrees is exceeded, laminar flow along the blade cannot be 
maintained and the turbine will stall due to the turbulence created as shown in Figure 10 
(c).   
2.5.2  Savonius VAWTs  
Converse to the Darrieus turbine, Savonius turbines, first designed by Finnish engineer 
S.J. Savonius in 1922, are drag turbines so they are “pushed” by the wind. These 
turbines have a TSR of 1 or less however they generate more torque than a Darrieus 
turbine which makes them capable of self starting and suitable for water pumping. An 
example of a Savonius turbine is a cup anemometer which, ignoring slip, has a TSR of 1 
and is therefore useful for measuring wind speed.  
2.5.3  Helical blade VAWTs 
Helical blade turbines are a modification of the Darrieus turbine. As with any Darrieus 
turbine, during their rotation the helical blades see a combination of the real incoming 
wind and a ‘rotational wind’ due to the rotation of the turbine itself. The vector addition 
of these gives the total apparent wind, at an angle of attack (α), as shown in Figure 11.  20 
 
 
 
Figure 11: Forces on Turbine Blades in a Helical Blade VAWT [37] 
The angle of attack is therefore related to the TSR as: 
 
tan   
 
   . 
  (3.9) 
 
tan   
1
   
  (3.10) 
As with the Darrieus turbine the angle of attack for helical blades should not exceed 20° 
therefore the TSR should not fall below 2.75 [38] [39].  
Helical blades provide some advantages over typical H bladed VAWT turbines  e.g. for 
a 3 bladed system each blade spans 120 degrees of the circular path travelled so there is 
always a section of blade(s) under wind load. This reduces aerodynamic fluctuations and 
therefore vibrations in the system. However because of their shape helical blades are 
much more complicated and expensive to produce. 
Two helical blade VAWT models currently available on the market are the Quiet 
Revolution QR5 and the Turby, shown in Figure 12 and Figure 13. The Turby has been 
found to perform well when placed in the stream of updraft from buildings; it is believed 
that this is due to the upward slanting wind stream being essentially perpendicular to the 
helical blades and the 3D design of the rotor [40]. The QR5 has an advanced control 
system that is able to take advantage of gusty winds and predict, based on collected data, 
the behaviour of the wind to maximize energy production [38].  21 
 
 
   
Figure 12: Turby 2.5kW Machine [40]  Figure 13: Quiet Revolution QR5 Turbine [38] 
2.5.4  VAWT vibrations 
Vibration is the oscillation of a body about its reference position. Vibrations can be 
characterised by their frequency and amplitude, where frequency is the number of cycles 
per second and the amplitude is the magnitude of the oscillations. Generally vibrations 
are made up of multiple simultaneous frequencies of varying amplitudes. In any 
machine, vibration can be caused by out of balance forces in rotating parts or by the 
dynamic effects of interactions between machine parts [41].  
In small scale VAWTs, vibrations are inherent due to fluctuating forces on the shaft and 
mounting structure due to the rotation of the turbine and blade passing. These forces can 
be reduced through the use of helical blades as there is always part of the rotor facing 
the wind, however this does not eliminate the problem. Another way to reduce the 
amplitude of these inherent vibrations is to increase the number of blades. This creates 
issues in manufacturing as the same solidity is required; where solidity is defined as the 
ratio of the swept area taken up by the blades. Therefore each blade has to be thinner 
and creating blades with adequate strength becomes expensive. Fluctuations in 
aerodynamic forces can also be caused by an unbalanced rotor as the mass is not evenly 
distributed about the central shaft.  22 
 
 
2.6  The FolksWind turbine 
During the design of the FolksWind 1.5kW VAWT the helical blade shape and blade 
profile have undergone many modifications to arrive at a blade that generates lift when 
stationary to encourage self starting [9]. The blades are made of extruded HD300 
polystyrene, coated in carbon and glass fibres. The foam core allows the fibre skin of the 
FolksWind blades to be much thinner than is common for other turbines, which are 
usually hollow with a spar, as polystyrene has a compressive strength of 0.7MPa and 
good shear strength. Each of the blades is 2.4m long and 175mm wide; the density of 
polystyrene is only 45kg/m
3 which means the mass of each blade is only 1kg. Each 
blade is attached to the rotor by 2 curved spokes with the same composition as the 
blades themselves. The rotor has very low gyroscopic inertia, which also promotes self 
starting as the total mass of the rotor is 7.2 kg. Including the mass of the generator, 
20kg, the mass of the entire system mounted on the pole is 30 kg [39], in comparison 
Urban Green Energy’s 1kW helical blade VAWT is 175 kg [42].  
The specifications for the FolksWind turbine are as follows [43]: 
Table 2: Manufacturer's Data 
Rotor Diameter  2.5 m 
Rotor Height  2 m 
Swept Area  5 m
2 
Hub Height (Includes Sea Container)  10.3 m 
Maximum Power  1.5 kW 
DC Voltage (Max Nominal)  350 V 
DC Voltage (Open Circuit)  550 V 
DC Current  6 A 
Max RPM  400 RPM 
Inverter  Ginlong GCI2K  
Inverter Power Rating  2 kW 
 23 
 
 
The turbine is shown in Figure 14 as installed at the preliminary test site. 
 
Figure 14: Turbine at Preliminary Test Site 
The manufacturer’s drawings can be found in Appendix B. 
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3  Performance testing 
3.1  Test setup 
The manufacturer requested that the NSWTC produce data detailing the performance of 
the turbine including the power performance, both AC and DC to allow the efficiency of 
the inverter to be observed and correlated with data on wind speed and direction, rotor 
frequency and TSR. During preliminary power performance testing the parameters 
measured were: 
•  DC Voltage 
•  DC Current 
•  Wind Speed 
•  Rotor Frequency 
•  Atmospheric Pressure 
•  AC Power 
Due to the limitations of the meteorological mast and equipment available initially at the 
preliminary site, wind direction was not measured. Testing in accordance with the 
standard requires wind direction and temperature to be measured. Therefore future tests 
performed in accordance with IEC61400 12 will require additional monitoring 
equipment. Throughout the course of testing at Baldivis the turbine was connected to the 
grid.  
3.1.1  Power monitoring box 
The power monitoring box contained the following: 
•  A.P.C.S Active Power Transducer (v3) AWT190 1153190 for measuring AC 
power. The transducer has an input voltage of 240 V and an input current range 
of 0 10A. The output is bipolar ranging from  3 to 3V [44] 25 
 
 
•  DT80 Series 2 Data Logger for recording all power performance data. The DT80 
data logger has up to 15 analog (±30V) sensor inputs and 12 digital channels. 
The maximum sampling rate of th DT80 is 25Hz [45] 
•  DT800 Data Logger for recording the output of the load cells. The DT800 data 
logger has 42 analogue channels and 16 digital channels. The maximum 
sampling rate is 100kHz [46]. 
•  Dataforth Isolated Frequency to Voltage Converter SCM5B45 01; used to 
measure the frequency of the wild AC. The converter’s output is a voltage signal 
that is measured by the data logger and recorded as a frequency based on the 
span into the program (see Section 3.1.3). The SCM5B45 01 has an input range 
of 0 to 500Hz and an output range of 0 to 5V [47]. 
•  Dataforth Isolated Voltage Converter SCM5B40 02 used to measure a voltage 
from the current shunt to feed into the data logger, which records a value for the 
physical current based on the span. The SCM5B40 02 has an input range of  50 
to 50 mV and an output range of  5 to 5V [47].  
•  Two current shunts (only one of which was used, as the box was adapted from a 
previous project) that convert the DC current into a proportionate voltage; the 
rating of the shunt is 30A 75mV [48].  
•  Dataforth Isolated Voltage Converter SCM5B41 03; used to measure a voltage 
from a voltage divider circuit to feed into the data logger which records a value 
for the physical current based on the span input. The SCM5B41 03 has an input 
range of  10 to 10V and an output range of  5 to 5V [47].  
•  Voltage divider circuit to step down the DC voltage going into the SCM5B41 
03, using three 560k  resistors in series and one 27k  resistor in parallel to step 
the voltage down by a factor of  
  
           1.58   10  . [48] 
•  NRG 892 Speed Amp that converts the AC output of the NRG 40C calibrated 
anemometer to a square wave of the same frequency, which can be fed into the 
high speed counter channel of the DT80 [49]. 26 
 
 
•  NRG BP20 Barometric Pressure sensor, atmospheric pressure measurements 
have been taken but have not yet been useful due to the lack of a temperature 
sensor. 
Please see Appendix C for a photograph of the box installed at Baldivis.  
3.1.2  The DT80 program 
The DT80 used has previously been used for turbine testing and therefore already 
contained a basic program with two schedules, A and B. It was decided to simply 
modify this program for the purposes of this project rather than creating a new program. 
Schedule A is a 1 second schedule previously used only for measuring wind direction. 
Although wind direction was not measured during preliminary testing the channel was 
maintained to avoid having to recreate it when a wind vane is installed. Schedule B is a 
1 minute schedule, as this is the sampling frequency recommended in Annex H of 
IEC61400 12 1, and contains all other channels.  
All other values are being measured, according to the statistical schedule, once every 
990ms with statistics logged once per minute. This value was used due to issues 
encountered previously by the NSWTC, when logging once per second for another 
system. In that instance an SMA Sunny Boy Inverter was producing pulses once per 
second as part of its anti islanding protection. Although the inverter installed at Baldivis 
is a Ginlong product rather than an SMA product the 990ms value was used as a 
precautionary measure.  
3.1.3  Calibration of measurement equipment 
Calibration of measurement equipment was undertaken by the NSWTC. The values 
measured were then used by the intern to determine spans to input into the data logger 
so that data acquired by the logger was converted to physical values. The spans were 
determined by fitting a linear trend to the calibration data. The results of the calibration 
measurements with the linear fit for each parameter are given in Figure 15, Figure 16 
and Figure 17. The resulting spans used in the DT80 program are given in Table 3. 27 
 
 
 
Figure 15: DC Current Calibration 
 
Figure 16: DC Voltage Calibration 
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Figure 17: AC Power Calibration 
 
Table 3: Definition of Parameter Spans 
Parameter 
Physical 
Lower  
Physical 
Upper 
Measured 
Lower 
(mV) 
Measured 
Upper (mV) 
DC Current  0A  12A  0.1  3020.5 
DC Voltage   0V  350V  1.1  2626.1 
AC Power   2400W  2400W   2977.15  3006.05 
Frequency  0  500  0  5000 
 
3.1.4  Installation of equipment at Baldivis 
The installation of the power monitoring box and monitoring equipment was completed 
on the 4
th of September 2011. Initially the meteorological mast was installed on the 
corner of the sea container that the FolksWind turbine was mounted on. This 
configuration is not acceptable for testing to the standard as the distance between the 
meteorological mast and the turbine tower is 3.26m. According to IEC61400 12 1, the 
minimum allowable distance between the turbine tower and the meteorological mast is 2 
times the rotor diameter, which for a VAWT is defined as 2     ⁄  where A is the swept 
area of the rotor and distance is given by     0.5  where L is the distance between the 
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centre of the turbine tower and the mast of an equivalent HAWT [31]. In this case since 
    5    [50] the minimum distance is therefore: 
       2 5   ⁄   (3.11) 
    2.523  
                    0.5   (3.12) 
               2   2.523    0.5 2.523  
              6.31  
As the anemometer was mounted too close to the turbine, the wind speed readings could 
be affected by the wake of the turbine, reducing their accuracy. In addition to this, the 
anemometer was connected directly to the sea container and the vibrations of the entire 
system could have had an impact on the anemometer’s rotational speed, further reducing 
the reliability of measurements. Furthermore for testing in accordance with the standard 
it is also required that the anemometer is mounted at the hub height of the turbine i.e. 
10.3 m, whereas the anemometer was installed at a height of 5.7m above the ground. 
Thus, due to wind shear the wind speed the anemometer is measuring could be 
significantly less than the turbine is exposed to. Initially the meteorological mast was 
mounted on the sea container as this was possible without the need for concrete 
foundations or a guyed tower. Due to the possible errors introduced by the initial 
configuration, it is planned to install a new meteorological mast at the site in accordance 
with the standard. This will allow the magnitude of errors introduced by the anemometer 
to be further established. 
3.2  Modifications to the system 
3.2.1  DT80 program 
When the first data was collected it was noticed that although the DT80 data logger had 
been recording for almost four days, only two days of data was saved on the logger due 30 
 
 
to storage limits on each schedule. The storage size for each schedule was therefore 
increased to ensure no further data was lost.  
Also during the initial stages of data collection the manufacturer expressed concern 
regarding the maximum frequency values acquired by the DT80. Firstly, it appeared that 
the maximum rotor speed was limited to around 250RPM for significant amounts of 
time. Secondly there were large spikes present in the maximum data that did not seem to 
be consistent with the actual data as they are not reflected in the average values. Figure 
18 shows the minimum, maximum and average rotor speed in RPM on the 12
th of 
September where these effects can be observed.  
 
Figure 18: Rotor RPM 12/09/11 
For the FolksWind turbine:  
              7.5         (4.1) 
Where      is the frequency in Hertz of the wild AC produced by the turbine and 7.5 is 
derived from the relationship with the generator poles: 
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Where N is rotational speed in RPM, f is frequency and P is the number of generator 
poles (16 in this case).  
In order to determine the cause of these possible anomalies in the data, the frequency 
parameter was temporarily moved to Schedule A so it was logged once per second. 
Initially frequency measurements were moved to schedule A and removed completely 
from Schedule B so all statistics had to be calculated manually once data was collected 
and processed in Excel. This process was very time intensive and around 8 days of 
frequency data was lost as the size of Schedule A was not sufficient for more than 6 
days of 1 second data. After this to ensure data was not lost and to reduce data 
processing requirements, frequency was recorded on both channels. 
Data collected during the period of 1 second logging suggested that the frequency 
readings were being measured correctly as frequency data was seen to follow the AC 
power produced and the wind speed recorded for the same period as would be expected. 
Plots of this data collected on the 16
th and 27
th of September during periods of 
reasonably high winds, where it is most likely for spikes to occur, can be found in 
Appendix D. Once this was confirmed frequency was removed from Schedule A. A 
third schedule was added to log frequency every 15s to reduce storage requirements and 
so that more detailed frequency data would still be available for vibration analyses.   
3.2.2  Inverter power curve 
Over the course of testing the manufacturer made changes to the power curve 
programmed into the inverter in an attempt to maximise the efficiency of the turbine by 
achieving the desired TSR of 3. This value was chosen by the manufacturer since, as 
shown in Section 2.5.3, the TSR of a helical blade turbine should not fall below 2.75. 
The manufacturer has also had reasonable success a TSR of 3 for their 2 bladed rotor 
design in the past. The inverter power curve relates DC voltage and AC power, as 
shown in Figure 19. Based DC voltage at the input of the inverter, the inverter will 
export the corresponding amount of power specified by the curve. Therefore based on 
the curve, the TSR of the turbine can be altered. If the inverter attempts to produce more 32 
 
 
power for a given voltage the turbine will slow down as more kinetic energy has to be 
extracted.  
The initial inverter power curve (IPC), referred to as 1, allowed the turbine to spin too 
fast and for the data collected no converging of the TSR was observed, once the turbine 
began producing power the TSR increased as wind speed increased. Curve “2” was 
forcing the TSR to converge although it appeared to be slowing the turbine too much as 
the TSR was below 3 at high wind speeds, see Figure 26. In order to try and achieve a 
TSR of 3 at higher wind speeds a change was made from IPC2 to IPC3 on the 27
th of 
September. 
 
Figure 19: Inverter Power Curves 
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3.3  Baldivis wind resource 
 
Figure 20: Approximate Location of Turbine [51] 
Figure 19 shows the approximate location of the FolksWind turbine. The turbine is 
mounted on a sea container with side lengths of 6.05m and 2.44m measured on the 
outside. The long sides of the sea container face approximately east and west. The 
turbine is located to the east of a large lake on top of a ridge running north to south. 
There are some large trees to the north and south of the turbine which significantly 
obstruct the flow of wind, this had been observed but as wind direction has not been 
measured during preliminary testing there is no data to confirm this. The wind speed 
distribution for the site, as measured over the total period of data collection, is shown in 
Figure 21 where each wind speed bin is centred on the value shown. It can be seen that 
2m/s is the modal wind speed bin. The median wind lies in the 2.5m/s bin and the mean 
wind speed is 2.57m/s. Based on the data collected over this 3 month period the site is a 
fairly poor wind site.  34 
 
 
 
Figure 21: Wind Speed Distribution Baldivis 
3.4  Preliminary performance results 
3.4.1  Inverter power curve 1 
The first IPC was used from the 1
st until the 12
th of September, although over this time 
data was collected for just over three and half days due to data storage issues with the 
DT80. Out of this time the turbine was generating for 2.85 hours. The power curve 
based on the data collected is shown in Figure 22. The red squares show the average AC 
power produced for data in wind speed bins with a width of 0.5m/s centred on multiples 
of 0.5m/s, as per IEC61400 12 1. 
As was previously stated, Inverter Power Curve 1 (IPC1) did not control the speed of the 
rotor adequately. This is illustrated in Figure 23 where above the cut in wind speed for 
the turbine, generally between 4 and 5m/s, the TSR increases as the wind speed 
increases. During the test period for IPC1 the wind speed did not exceed 7m/s and no 
damage to the turbine occurred, however this situation could lead to a significant safety 
hazard in high or gusty winds where the rotational speed of the rotor could increase 
quickly, potentially causing damage to the turbine and injury to any person or object in 
its proximity. 
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Figure 22: Power Curve IPC1 
 
Figure 23: TSR v. Wind Speed IPC1 
Figure 24 shows the coefficient of performance for the turbine during the period where 
IPC1 was in use. Due to the limited time frame for which data was collected these 
results have a high level of uncertainty. It can be seen for two separate minutes both 
with an average wind speed of approximately 5.2m/s the average coefficient of 
performance in one case is 0, indicating the turbine failed to cut in during that minute, 
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and in another case is 12.9%. This could be due to the fact that depending on the 
orientation of the turbine the surface area of blade facing the wind varies. When this 
area is minimised the turbine may fail to start at wind speeds where it would usually 
have cut in.      
During the collection of data CP values less than 0 were obtained. These arose due to the 
net power consumption of the system when the turbine is not generating enough power 
to compensate for the power consumption of the inverter. For the purpose of calculating 
the average Coefficient of Performance for each wind speed bin, these negative values 
were treated as 0. While this is not a true mean value it gives an indication of the 
coefficient of performance that can be expected at a given wind speed value as it 
accounts for the proportion of time where the system was not producing any energy at 
that wind speed. This was done as otherwise when wind speed tends to zero, CP tends to 
negative infinity. Another option would have been to ignore data below the cut in wind 
speed for the system however due to the wide range of the cut in speeds the chosen 
method better reflects the data. For wind speeds where at times the systems is producing 
power and at other times it is not this method could overstate the system’s performance. 
This is due to the fact that raw data forced to zero does not account for the power 
consumption of the inverter.  
 
Figure 24: Coefficient of Performance IPC1 
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3.4.2  Inverter power curve 2 
IPC2 was programmed into the inverter on the 12
th of September to try and address the 
problems noted in 3.4.1. However there was uncertainty as to whether entering the curve 
had been successfully completed due to the inverter failing to initialise in low winds. On 
the 16
th of September it was confirmed that the curve had been successfully 
programmed into the inverter and approximately 40 minutes of data was collected while 
vibration measurements were taken. However at the time a storm was forecast and the 
manufacturer indicated that the turbine should remain short circuited until the storm 
passed. Therefore further data with the turbine generating began on the 23
rd of 
September and was collected until the 27
th of September when IPC2 was replaced with 
IPC3. 
During the period where IPC2 was in use some errors began to appear in the data. Two 
types of errors were apparent; firstly situations where there appears to be an error with 
the DC Voltage recorded as values less than 0 have been logged when AC power is 
present. Secondly there are minutes recorded where the inverter efficiency, given by the 
ratio of the AC power to the DC power, is greater than 100%. For the former type of 
errors it is believed, after observation of the turbine operating, that these errors are 
restricted to the DC voltage channel as the AC power recorded by the data logger 
corresponded to the values stated on the inverter display. For the purpose of inspecting 
the AC power production, TSR and Coefficient of Performance, this data has therefore 
been included in the analyses. The source of errors where the turbine is exporting energy 
and the inverter efficiency is greater than 100% is not known; these recordings have 
been excluded from the analysis. An explanation of the suspected source of error 
readings can be found in section 3.4.5. 
For IPC2 almost 100 hours of data was collected, of this 14 minutes of data was not 
included due to errors. Over the analysis period the turbine was generating for 9.93 
hours. Figure 25 shows the AC power v. wind speed over this period.    38 
 
 
 
Figure 25: Power Curve IPC2 
The primary reason for modifying the IPC from 1 to 2 was to attempt to control the TSR 
of the turbine to achieve the desired TSR value of 3. Figure 26 shows the TSR v. Wind 
Speed for IPC2. It can be seen that unlike for IPC1 the TSR converges above 
approximately 5m/s. The horizontal line shows a TSR of 3 and it can be seen that for 
higher wind speeds the TSR values converge slightly below this.  
 
Figure 26: TSR v. Wind Speed IPC2 
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Figure 27 shows the coefficient of performance v. wind speed for IPC2. As with IPC1 
the expected values are given by the mean of the CP values in each wind speed bin with 
negative values taken as 0. The estimated   ,    of 12.65% occurs at 8 m/s.  
 
Figure 27: Coefficient of Performance IPC2 
3.4.3  Inverter power curve 3 
Since IPC3 was programmed into the inverter on the 27
th of September by the 
manufacturer it has remained in situ. Data was last collected on the 8
th of November. 
Excluding errors in the data, 995 hours of data has been collected, over this period the 
turbine was generating for 33.97 hours. In addition to errors that were observed in the 
IPC2 data, ‘OverRange’ readings were observed in both the Frequency and DC Voltage 
measurements. ‘UnderRange’ errors were also recorded in the frequency measurements. 
Again, data where errors were restricted to the dc voltage channel were included in the 
analyses, with the exception of ‘OverRange’ errors as this has not been observed in 
practise and affects less than 10 minutes of data. All other data from minutes with data 
errors have not been included.  
Figure 28 shows the power curve for IPC3. The data has been split into three series, the 
data from the 27
th of September to the 31
st of October was divided due to series size 
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limitations in MS Excel however data for the remainder of the collection period was 
separated as a significant drop in performance was observed. Over this period the wind 
was high in comparison to the rest of the data collected however much lower coefficient 
of performance values were observed during this period over the entire range of wind 
speeds. This is shown in Figure 30. While on site collecting data it was noted that it 
sounded as though the blades were not completely secured in the rotor as squeaking 
noises were observed that could be consistent with slight movements of the blades 
within their holds. This was later confirmed by the manufacturers when the rotor was 
lowered, the blades had moved approximately 2cm. Changes in the aerodynamic profile 
of the turbine due to the small movements of the blades may have resulted in the loss of 
efficiency. The manufacturer also noted some damage to the blades, which depending 
on when and how it occurred could also be responsible for the drop in performance; this 
damage has not yet been observed by the intern or the NSWTC. 
Over the entire period the average power rarely exceeds 200W, with the maximum 
power limited at around 410W. It is believed that power limiting and therefore poor 
efficiency is due to excessive vibrations in the tower. The results of vibration analysis 
on the system can be found in Section 4.2. Another possible explanation for the apparent 
limiting of the turbine’s output is that the optimal power curve has not yet been 
determined and therefore further modifications to the inverter power curve could be 
beneficial to the system performance. 41 
 
 
 
Figure 28: Power Curve IPC3 
For the period from the 31
st of October until the 8
th of November the turbine’s cut in 
wind speed is between 5 and 7m/s. Above 6m/s the TSR values obtained during this 
period are lower than for the rest of the measurement period with the exception of the 
9m/s wind speed bin. This is shown in Figure 29, the equations for the polynomial fits 
shown are given in Appendix E. 
The average binned values are summarised in Table 4. Based on the lower TSR values 
of the period after the 31
st of October 2011, it is likely that there is some wastage of 
energy due to movement of the blades as in addition to the affect on the rotor’s 
aerodynamic properties; some power from the wind is used to create the movement of 
the blades rather than rotation. Therefore less power is being extracted for the same 
wind speed. 
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Figure 29: TSR v. Wind Speed IPC3 
Figure 30 further demonstrates the reduced power performance for the period after the 
31
st of October. The expected values for the coefficient of performance are substantially 
below those predicted before the 31
st of October. For the data before the 31
st of October 
the expected   ,    of 10.39% occurred at 8.5m/s, this vale is only based on 3 minutes 
of data and appears to be inconsistent with the rest of the data. The second highest 
expected     was 7.91% and occurred at 7.5m/s. After the 31
st of October the highest 
expected    was 3.67% at a wind speed of 11m/s.  
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Figure 30: Cp v. Wind Speed IPC3 
 
3.4.4  Comparison of IPCs 
Table 4 and Table 5 summarise the averaged binned TSR and expected coefficient of 
performance respectively for each wind speed bin. Changes to the IPC were made by the 
manufacturer based on the data collected in order to try and improve the performance of 
the turbine by achieving the optimal TSR of 3. The data in Table 4 shows that both IPC2 
and IPC3 achieve convergence of the TSR past the cut in wind speed. IPC2 was 
replaced by IPC3 as it should have allowed the turbine to spin faster for a given wind 
speed, therefore achieving a higher TSR. This occurs as, for each DC voltage, the power 
IPC3 instructs the inverter to export is less than for IPC2. It has been observed that IPC3 
has resulted in an increased TSR to an extent but especially at high winds the average 
value for TSR is lower for IPC3 than IPC2. During the turbine’s operation significant 
vibrations in the turbine tower have been observed and it is thought that the wasted 
energy due to these vibrations may be limiting the speed and performance of the turbine 
independent of the IPC.  
0
5
10
15
20
25
0 2 4 6 8 10 12 14 16
C
P
(
%
)
Wind Speed (m/s)
Coefficient of Performance IPC3
Raw Data 27/09-11/10 Raw Data 11/10-25/10 Raw Data 25/10-31/10
Expected Value 27/09-31/10 Expected Value 31/10-8/1144 
 
 
Table 4: TSR Comparison 
Wind Speed  IPC1  IPC2  IPC3 (Up to 31/10)  IPC3 (31/10-8/11) 
3.5  0.783597  2.105883  1.857731  1.576072 
4  1.047403  2.830955  2.522762  2.33436 
4.5  2.3431  3.408107  2.892389  3.134229 
5  5.215081  3.653291  3.274665  3.460636 
5.5  7.442694  3.393874  3.249103  3.394603 
6  11.46949  3.094932  3.172129  3.098553 
6.5  14.27306  2.954125  2.963254  2.857125 
7  18.46797  2.870089  2.923455  2.722684 
7.5     2.881607  2.899013  2.674379 
8     2.883711  2.603798  2.586781 
8.5     2.859449  2.816969  2.598982 
9     2.76397  2.402191  2.533324 
9.5     2.713324     2.484186 
10     2.7265     2.467216 
 
The expected values for coefficient of performance, given in Table 5, for IPC1 and 2 are 
quite similar, it was hoped that by moving to IPC3 the TSR would improve and 
therefore the turbine efficiency. At this point this has not been observed. At any given 
DC voltage, which is proportional to the rotational speed, IPC2 instructs the inverter to 
extract a larger amount of power than IPC3. Therefore given that the TSR compared to 
wind speed characteristic has been found to be very similar for IPC2 and IPC3 it would 
then be expected that IPC2 would produce superior values for the coefficient of 
performance as has occurred. Again the significant drop in performance after the 31
st of 
October could be attributable to the movement of the blades or blade damage noted by 
the manufacturer or both.  
  45 
 
 
Table 5: CP Comparison 
Wind Speed  IPC1  IPC2  IPC3 (up to 31/10)  IPC3 (31/10-8/11) 
3.5  0  0.008542  0.003543  0 
4  0.123991  0.129285  0.019451  0 
4.5  1.085201  0.910087  0.13859  0 
5  4.151363  2.267711  0.535763  0 
5.5  6.041131  4.256972  1.587972  0.059918 
6  8.996987  8.019653  2.760878  0.202849 
6.5  9.535735  9.781492  4.817616  0.67919 
7  11.6516  10.97551  6.366399  1.260696 
7.5     12.2566  7.913444  1.900641 
8     12.65323  6.916876  2.500508 
8.5     12.38194  10.39312  2.955258 
9     11.22873  5.420988  3.000985 
9.5     10.65746     3.193783 
10     10.90647     3.482719 
 
Table 6: Predicted Wind Speed for Rated Power 
IPC  1  2  3 (27/10-11/10)  3 (11/10-31/10)  3 (31/10-08/11) 
Wind 
Speed (m/s)  13.01  14.55  13.95  14.51  22.11 
Third order polynomial fits were applied to each set of raw power curve data so an 
approximation of the wind speed at which the turbine will reach its rated output could be 
determined. Table 6 shows the predicted wind speed for each IPC. IPC1 resulted in the 
lowest wind speed however the operation of the turbine during this period was 
considered to be unsafe as the TSR was seen to increase as wind speed increased above 
the cut in. The earliest series of data for IPC3 shows this curve could be preferable to 
IPC2 as the turbine is predicted to reach 1.5kW at 13.95m/s whereas for IPC2 this only 
occurs at 14.55m/s. The values for IPC3 also indicate that damage to the turbine 46 
 
 
occurring over time could have been steadily reducing its performance over time. This 
was not observed until the data collected on the 31
st of October as the data collected 
previously seemed to be consistent. Based on the polynomial fits however it appears that 
the turbine was showing reduced performance in the latter half of October with the 
predicted wind speed at which the turbine will achieve maximum output increasing by 
over 0.5m/s.  
Due to the highly variable cut in wind speed for the turbine, data where the turbine has 
failed to cut in above 5m/s appears to have had an impact on the polynomial fits Excel 
has produced. Due to the poor wind resource at Baldivis and a lack of data for wind 
speeds above 9m/s these values have had significant impact on the shape of the fit. This 
means that the values obtained in Table 6 which have been extrapolated using the 
polynomial fits, given in Appendix E, include high error as the fit does not necessarily 
provide a good approximation where no data is available. When the turbine has been 
exposed to more wind conditions there should be an improvement in the matching of the 
fits with the shape of the data.  
3.4.5  Investigation of errors 
Errors in the data are occurring primarily on the Frequency and DC Voltage 
measurement channels. Upon inspection by the NSWTC it is believed that these errors 
could be attributable to an issue with the voltage levels created by the inverter. The 
inverter has to produce a sinusoidal output suitable to feed in to the grid. In this case it 
produces a single phase sinusoidal voltage with an RMS value of 230V. In order to 
achieve a sinusoidal output with a controllable amplitude and frequency the inverter 
uses a pulse width modulated switching scheme. The inverter is a half bridge inverter 
with a front end boost converter as shown in Figure 31. The wild AC from the generator 
is rectified and stepped up to approximately 750V, shown as Vd. Two capacitors are 
connected across Vd and the voltage is divided evenly between them [52]. The mid point 
of these capacitors is tied to the neutral and the active is switched between 
  
   and  
  
   
by the inverter. An illustration of a pulse width modulation switching scheme can be 47 
 
 
found in Appendix F. 
 
Figure 31: Ginlong Inverter Schematic 
The duty cycle of switch 1, in Figure 31, and therefore the gain of the boost converter, is 
dependent on the dc voltage input from the turbine generator. Upon inspection by the 
NSWTC it was found that the lower rail voltage is tied at  386V in order to achieve the 
required output of the inverter. Therefore if the DC voltage of the turbine is 80V the 
upper rail before the boost converter is at  306V and the required gain of the boost 
converter is over 9. It is speculated that this voltage level on the lower rail could have 
damaged the isolated signal amplifiers for DC Voltage and Frequency measurements.   
As mentioned in section 3.1.4 it is likely that the installation of the anemometer on the 
corner of the sea container has introduced errors into the power performance data. The 
distance between the anemometer’s mast and the turbine tower is only 3.26m. When the 
wind is coming from a north easterly direction the anemometer is in the wake of the 
turbine and therefore experiencing a much higher level of turbulence than would be 
anticipated under normal operation. Due to the lack of a wind vane for preliminary 
testing it has been impossible to exclude data from this direction. Additionally as the 
anemometer is 4.6m lower than hub height it is possible, due to wind shear and 
obstacles around the turbine creating turbulence, that the wind speed measured by the 
anemometer is substantially different to what is incident on the rotor. Assuming that 
wind shear is the main factor contributing to these errors the data collected would 48 
 
 
overstate the performance of the turbine as the power produced by the turbine would be 
attributable to a higher wind speed than was measured by the anemometer. 
Vibrations in the turbine tower and sea container have also had an impact on the 
rotational speed of the anemometer. The vibrations propagate from the sea container 
into the anemometer mast. Speeding up and slowing down of the anemometer for 
seemingly constant wind speeds has been observed frequently during the test period. 
The NSWTC is currently in the process of installing a new meteorological mast at 
Baldivis. This mast will support two new Vector Instruments anemometers and a wind 
vane installed at hub height at a distance of 6.3m from the turbine tower. This new data 
will allow the magnitude of errors attributable to the current anemometer to be observed. 
Due to the large magnitude of errors observed the accuracy of sensors and the data 
logger was deemed to be insignificant in determining causes for these errors.      
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4  Vibration testing 
4.1  Test setup 
Vibrations are being measured using a Visong Test 14504 Multiple Axis Accelerometer, 
which was mounted on the turbine tower on the 2
nd of September. In order to measure 
the output of the accelerometer the Portable 3560B Compact Data Acquisition Unit from 
Brüel & Kjær is being used. It was chosen as it has a superior sampling rate to the 
DataTaker units, up to 25.6kHz [53]; during vibration measurements for the FolksWind 
turbine the sampling rate chosen was 6.4 kHz.  
To analyse the data collected Brüel & Kjær’s PULSE software was used where the 
waveform recorded by the data acquisition unit can be analysed, in this case the 
software was used to perform Fast Fourier transforms (FFT). The accelerometer is 
capable of measuring acceleration in three dimensions however for the purpose of this 
analysis only the X and Y dimensions have been taken into consideration where X is 
aligned east to west and Y north to south.  
 
Figure 32: FFT (Y) 16/09/11 50 
 
 
Figure 32 shows an initial FFT performed on the waveform for the Y direction on the 
16
th of September. It was observed that the magnitude of vibrations less than 15Hz were 
more than four times the magnitude of any other frequency. These are below the audible 
hearing range. Applying an A weighting using PUSLE (which is applied to sound 
measurements as it reduces the amplitude of frequencies which are not within the human 
hearing range) it can be seen, in Figure 33, that the magnitude of audible vibrations is 
very low and therefore these frequencies have been ignored in further investigations. As 
the aim of the investigation is to determine the frequencies at which resonance is 
occurring, and therefore the magnitude of vibrations is greatest, the actual magnitude of 
the vibrations is not critical. In order to simplify the process of data analysis in PULSE 
all magnitudes are recorded in dB/1V. The voltage being the output of the 
accelerometer, it is then still possible to compare magnitudes. 
 
Figure 33: FFT (Y) 16/09/2011 A-weighting 
 
Vibration measurements were recorded on the 16
th and 27
th of September, on both days 
wind was reasonably strong with an average of the 1 minute mean wind speed values of 
8.67m/s and 6.55m/s, respectively. In order to compare the frequencies of vibration with 51 
 
 
the frequency of the rotation of the turbine, the 1 second frequency data recorded by the 
DT80 has been converted to rotor revolutions per second (rev/s).  
4.2  Preliminary results 
4.2.1  16
th September 
  
Figure 34 shows the distribution of the rotor’s rotational frequency over the 32 minute 
period of data collection in revolutions per second. It can be seen that 3.05 rev/s and 
3.15 rev/s are the most common frequencies; these correspond with the peaks of the Fast 
Fourier Transforms, shown in Figure 35, where the highest peaks are between 3.0625 
and 3.35Hz and again at between 9 and approximately 10.3Hz. This indicates that when 
the turbine is spinning at frequencies around 3.2Hz resonance is occurring in the tower. 
This could indicate an imbalance in mass distribution about the axis of rotation. The 
second peak is occurring at approximately 3 times the fundamental frequency. It is 
possible that the 3
rd harmonic is being excited by blade passing. Although the helical 
shape of the turbine means that the blades cover the full 360° path traversed by the 
turbine as one blade moves out of the wind the force of the incident wind on the rotor 
moves from the bottom of one blade to the top of the next.  
Due to the cycling of the point where the wind is incident on the blades the bending 
moment on the tower also varies cyclically. The bending moment (BM) acting on the 
tower is given by the product of the distance between the point the force is applied and 
the point the tower is free to rotate about (l) and the force applied (F): 
        .   (4.1) 
In this case   is the vertical distance between the blade section incident with the wind 
and the point where the top guy wires are attached to the tower. Even when the turbine 
is exposed to a constant wind speed the bending moment cycles between maximum 
when the force of the wind is acting on the top of the rotor and minimum when the wind 
is incident with the lower section of a blade due to the change in  .   52 
 
 
  
Figure 34: Revolutions per second distribution 16/09 
 
Figure 35: FFT 0-15Hz 16/09 
4.2.2  27
th September 
As the average wind speed, 6.55 m/s, for the 34 minute period of data collected on the 
27
th of September was lower than the previous data set it can be seen that the most 
common frequency of rotation for the turbine is 2.25 rev/s as shown in Figure 36. The 
FFT given in Figure 37 shows that the frequency with the highest amplitude is again 
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around 3.2 Hz with a second peak occurring at 3 times this frequency. This further 
suggests that the rotation of the turbine at approximately 3.2 rev/s coincides with a 
resonant frequency of the structure.  
 
Figure 36: Revolutions per second distribution 27/09 
 
Figure 37: FFT 0-15Hz 27/09 
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It has also been noticed that in both cases the peak frequency observed was between 4.0 
and 4.2 rev/s, this frequency is equivalent to between 240 and 252RPM. In earlier data it 
was observed by the manufacturer that the maximum rotational frequency of the turbine 
seemed to be limited at approximately 250RPM. It is probable that due to the energy 
wasted through the vibration of the structure the turbine is unable to accelerate past this 
frequency. Therefore by eliminating the vibrations in the tower and reducing energy 
wastage the efficiency of the system should increase. In order to achieve this, the 
manufacturer plans to install a thinner tower with a lower resonant frequency. In 
addition to this as the turbine is currently mounted on the sea container with the guy 
wires attached to the top of the container. For further testing of the system if it is 
possible to attach the guys to the ground this could also reduce the magnitude of 
vibrations as the guy wires could provide more damping.   55 
 
 
 
5  Strain testing 
5.1  Test setup 
Strain testing is being undertaken by the NSWTC as the manufacturer wishes to 
examine the thrust on the system over a range of wind speeds, therefore eventually it is 
planned to produce a thrust curve for the turbine. The primary reason for this 
investigation is to determine the strength requirements for mounting the turbine on a 
freestanding tower in the production phase of the project. In order to determine the 
thrust on the turbine, the strain in the top guy wires is being measured using 4 HBM S40 
2t load cells. Data from these load cells is being collected using a DataTaker DT800 on 
a 1 minute schedule; programming of the DT800 and the connection of the load cells 
was performed by the NSWTC. To date approximately 6 days of strain data has been 
collected, from the 31
st of October to the 6
th of November, where the load in each guy 
wire is being measured in kilograms. 
5.2  Method for determining thrust on the rotor 
Firstly as all loads were measured as mass (m) it was necessary to convert to force in 
Newtons where: 
          (5.1) 
Where   is the gravitational constant taken as 9.8  /  . 
In order to determine the tension in the wires attributable to wind loading it was first 
necessary to determine the preload tension in the guy wires. By examining the data over 
an 8 hour period where the recorded wind speed was zero the preload tensions for the 
guy wires were determined from the average of 1 minute load data and are given in 
Table 7. 56 
 
 
 
Table 7: Guy Wire Pre Load Tension 
Guy  Tension (N) 
Northern  1056.52 
Eastern  929.22 
Southern  321.41 
Western  471.94 
The southern guy wire was expected to have a different pre load tension than the 
northern guy wire. As the gin pole is attached to the southern guy wire its configuration 
is altered and therefore the installation of the southern load cell is different than the 
other three guy wires as it is attached in the wire between the roof of the sea container 
and the gin pole. See Appendix B for more information. The discrepancy between the 
preload tension in the east and west guy wires could be due to the fact that the tower was 
not exactly at a right angle with the roof of the sea container when installed and the guy 
wires have been used to compensate for this. This is only an assumption and further 
investigation would be required to confirm this.  
Once the preload tension in each guy wire was determined this value was subtracted 
from the measured force to obtain the tension in the guy wire due to wind loading 
     . As thrust acts in the horizontal direction the horizontal component was then 
determined for each reading. The horizontal component of the tension due to wind 
loading then had to be scaled down as this force acts at the point where each guy wire is 
attached to the tower whereas the thrust on the rotor      acts at hub height. According 
to the sum of moments about the fulcrum the sum of the anticlockwise moments is equal 
to the sum of the clockwise moments:  
                (5.2) 
On all sides except the southern end of the sea container the fulcrum point is the base of 
the tower. For the southern guy wire, due to the gin pole, the fulcrum point is at the 
point where the gin pole meets the tower. Where     is the horizontal component of the 57 
 
 
tension due to wind loading,   is the vertical distance from the fulcrum to the point to 
the attachment point of the guy wire and   is the vertical distance from the fulcrum to 
the point to the hub. These calculations varied for each guy wire due to configuration of 
the guy wires on the sea container: 
North: 
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      6.29
7.71
 
 
East and west: 
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Figure 38: Vector Forces- North Guy Wire 
Figure 39: Vector Forces- East and West Guy Wires 58 
 
 
South:  
 
          tan60.44 
 
    
     
  
 
 
    
      5.29
6.71
 
The presence of the gin pole in the southern guy wire changes the calculation process. 
The fulcrum point is now at the point where the gin pole meets the tower resulting in the 
changes in   and   . Once the thrust in each direction was determined the vector 
summation of the 4 values was determined for each minute. In each case the lengths 
shown are approximate as no precise measurement of the system has been done. In 
particular the length of 3m for the gin pole has been estimated as the manufacturer has 
stated it is 2.5 m long however this does not include the length of plates for attaching the 
pole. From inspection, on site the section of guy wire running from the gin pole to the 
sea container is practically vertical when the turbine is fully upright. This assumption 
has been made in the above calculations. 
5.3  Results 
Figure 41 shows the raw calculated thrust data for the 6 day period. Overlayed is an 
ideal thrust curve with a thrust coefficient of 0.5 meaning    
 
      where ρ was 
taken to be 1.22 kg/m
3. The data seems to follow the shape of this curve. There is a large 
amount of variation in the data and it is thought that this could be due to the vibration in 
60.44° 
    
3  
6.29  
7.71  
    
1  
Figure 40: Vector Forces- South Guy Wire 59 
 
 
the tower as for the same wind speed, depending on the position of the tower within its 
vibrational cycle; the load on each guy wire would be affected. Another factor worth 
investigating is the sampling time of the DT800 and whether the sampling of all four 
load cells is synchronised. If there were delays between each of the samples this would 
affect the results especially when vibrations are occurring.  
 
Figure 41: Raw and Ideal Thrust (Ct=0.5) Data 
The final configuration of the system will affect the aerodynamic performance of the 
system as a whole and therefore the thrust on the rotor it is therefore necessary for 
system to be finalised before thrust data can be used properly. 
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6  Evaluation of results 
6.1  FolksWind and the urban environment 
Based on the data collected the FolksWind turbine appears to have limited potential for 
the urban environment. This is primarily due to the relatively high cut in wind speed for 
the turbine which is typically between 4 and 5m/s but at times has been as high as 7m/s. 
The Turby claims a cut in wind speed below 3m/s while the QuietRevolution QR5 
claims 4m/s. As the rotor being used is a prototype it is possible that further 
modifications to the system could improve these values. 
The vibrations currently present in the system also limit the applicability of the turbine 
for the urban environment. However based on the results of the vibration analysis 
conducted and planned modifications to the system these vibrations should be 
significantly reduced.  
6.2  Use of a freestanding tower 
As the final configuration of the system has not yet been determined the thrust data 
collected is not necessarily applicable. The assumptions made regarding distances 
within the system also mean that the data collected is only approximate. In order to 
determine the required strength of a free standing tower for use with the FolksWind, 
turbine strain measurements will need to continue once the manufacturers have decided 
on a configuration. Preferably these measurements will be undertaken once the 
vibrations present in the system have been successfully reduced.  
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7  Conclusion 
Progress has been made towards the aim of the internship which was to work together 
with the NSWTC in facilitating the testing of the FolksWind 1.5kW VAWT in 
accordance with the relevant parts of the international series of standards IEC61400. 
Several modifications have been made to the system and the NSWTC has been able to 
provide information to the manufacturer regarding the system’s performance for each 
configuration. As a result of these modifications some improvement in the safety of the 
system was observed in regards to control of the TSR. However, due to issues with 
movement of the blades and the vibrations in the tower improvements in the 
performance can not be concluded with certainty.  
Inconclusive data has been obtained so far regarding the optimal configuration of the 
system. Three inverter power curves were used in an attempt to achieve a TSR of 3 
however lower efficiencies, than predicted by the manufacturer, have been observed in 
all cases. No optimal curve has been determined. 
 There have been delays throughout the project particularly in regards to the monitoring 
of strain and vibration data which has limited the progress toward a final system 
configuration and therefore being able to commence testing in accordance with the 
standards. To date the turbine has been operating below the manufacturer’s 
expectations. It is unsure at this point whether this is due to the turbine design or the 
current test site which features large obstacles and relatively low wind speeds.  
Based on the results of vibration analysis undertaken by the NSWTC during the period 
of the internship the manufacturer plans to modify the system in an attempt to reduce 
vibrations. It is hoped that as a result of these efforts the performance of the system will 
improve. In addition to this, the turbine will be moved to the NSWTC’s test facility as 
soon as possible. Development approval for installation at the site was received on the 62 
 
 
18
th of November. The test facility has a superior wind resource to Baldivis allowing the 
turbine to be tested over a larger range of wind speeds.  
Part of the research undertaken during the project was to assess whether the turbine 
would be suitable for the urban environment. Based on the data collected to date the 
system appears to have limited suitability for the urban environment mainly due to its 
high cut in wind speed. In addition to this the manufacturer wished to determine the 
requirements for mounting the turbine on a freestanding tower. As a result of delays and 
issues in measuring strain this analysis has not been completed. 
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8  Recommendations 
In order to ascertain whether the system has been performing poorly due to its design or 
due to its current location the manufacturers have installed a two bladed rotor at 
Baldivis. The rotor has previously been tested at a coastal location with a less turbulent 
wind resource than the Baldivis site. The two bladed rotor was installed on the 12
th of 
November and no data has been collected as yet. Unfortunately it has also come to the 
attention of the NSWTC that on the 17
th of November one of the blades from the two 
bladed rotor has broken free and the system has been shut down. This means that the 
data intended to compare with the three bladed system will be very limited and also that 
some thought will have to go into the safety of the system and the likelihood of a similar 
event occurring again.  
Due to time constraints of the project, the collection and analysis of strain data has been 
limited. In future it is suggested that more data is collected as the findings within this 
report are limited. In particular for determining the thrust on the rotor, accurate 
measurements of the systems dimensions taking into account the locations of guy wire 
attachment points will have to be undertaken to improve the quality of the data obtained.  
For further measurement of vibrations it is suggested that further work goes into 
recording the frequency of rotation of the turbine simultaneously with vibration data. It 
had been intended to do this as part of this work however issues with the use of PULSE 
software, the data collected and time constraints meant that this was not possible. 
Testing of the power performance of the turbine at the NSWTC’s test site will be highly 
beneficial for progress toward a final system configuration. By reducing the time taken 
for the system to be exposed to sufficient amounts of wind above the cut in wind speed, 
a new site will allow the affects of changes to the system to be more quickly realised. A 
larger range of wind speeds will also improve the quality of the predicted power curves 
as estimated fits will be less dependent on data where the system is not generating.64 
 
 
 
9  Demonstration of work experience 
Over the course of the internship with the NSWTC the intern has gained much valuable 
experience. Coming into the placement with limited knowledge of the Small Wind 
Industry has meant that the placement has provided an excellent learning opportunity. The 
NSWTC does unique work and the intern appreciates that it is unlikely that the knowledge 
gained over the semester could have been gained elsewhere in Australia. A much greater 
appreciation for the work that goes into testing SWT systems has been obtained. 
The intern feels the opportunity to be present in meetings of the NSWTC has been very 
rewarding, not only because of the experience gained in the professional environment but 
also because of the topics covered, in particular the discussions regarding the IEC/IEA 
Small Wind Turbines Liaison Program and the development of international SWT 
standards.  
As well as being involved in the FolksWind project the intern was able to visit the 
NSWTC’s other sites and therefore see a variety of SWT models. This included 
opportunities to visit SWT installations in the urban environment and to observe the issues 
that have occurred with these projects and the NSWTC’s approach to assisting system 
owners to rectify them.  
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Appendix A- Optimal TSR 
 
Figure 42: Optimal TSR for various turbine designs [33] 72 
 
 
Appendix B- Manufacturer’s drawings 
 
Figure 43: Side View of Turbine Mounted on the Sea Container 73 
 
 
 
Figure 44: Side and Top View of Lowered Turbine 74 
 
 
Appendix C- Power monitoring box 
 
Figure 45: Power Monitoring Box 
Key: 
1. A.P.C.S Active Power Transducer   6. DT800 
2. Dataforth Isolated Frequency to Voltage    
Converter  
7. Current Shunts 
8. Voltage Divider Circuit 
3. Dataforth Isolated Voltage Converter   9. NRG 892 Speed Amp 
4. Dataforth Isolated Voltage Converter   10. NRG BP20 Barometric 
Pressure Sensor  5. DT80 75 
 
 
Appendix D- One second frequency data comparison 
 
Figure 46: Frequency, Wind Speed and AC Power 16/09/2011 
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Figure 47: Frequency, Wind Speed and AC Power 27/09/2011 
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Appendix E- Polynomial Fits for IPC3 Power Curve 
27/10 11/10:      1.0174     6.3933     10.576    28.797 
11/10 31/10:      0.824     5.2887     8.624    27.837 
31/10 08/11:      0.1307     0.4839     5.8399    20.009 
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Appendix F- Pulse width modulation 
 
Figure 48: Pulse Width Modulation [52] 